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Conventional aqueous scouring of greasy wool promotes wool felting and can be energy and water intensive.
Ultrasonic wool scouring could be an alternative technology to minimise the negative impact, provided that the
cleaning efficiency and fibre quality are not compromised. This study examined the influence of ultrasonic irradiation
frequency and ultrasonic power variations on wool scouring performance at different liquor ratios. Scoured fibre,
residual ash content, residual grease content, whiteness and yellowness were evaluated. The impact of liquor
degassing on wool scouring effectiveness was studied. Fibre surface damage was also assessed in this work. It was
observed that while there was no significant influence of ultrasonic frequency on the whiteness or yellowness of the
scoured fibres, wool scoured at frequencies of 28 kHz and 80 kHz had more grease and dirt removed than that scoured
at 45 kHz. Low ultrasonic power and degassed bath liquor increased wool grease removal ability. Ultrasonic
treatment caused scale cracking/peeling in some wool fibres. More severe cuticle damage was observed in fibres
scoured at the lower frequency. This damage resulted in increased dye uptake by the fibres.
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Introduction
 
Wool scouring is the first and most important step of
wool processing. It is undertaken to remove contami-
nants, including wool grease, suint and dirt from greasy
wool, with minimal damage to fibre properties
(Anderson & Christoc, 1984; Masri, 1982). Traditional
systems for wool scouring are solvent scouring and
aqueous scouring. In solvent scouring, the solvent
dissolves the wool grease efficiently, but it is ineffective
in the removal of suint, dirt and proteinaceous matter,
and the scouring solvents can be unfriendly to the envi-
ronment (Halliday, 2002). Aqueous scouring is a process
of emulsification of the grease on the fibre surface. There
are two main methods for the cleaning of a surface in an
aqueous environment: chemical dissolution or emulsifi-
cation of soluble contaminants and physical displace-
ment of non-soluble contaminants. For contaminants
removal to occur, the cleaning detergent must come into
contact with contaminants in order to promote their
removal. Therefore, water, detergent, heating, mechan-
ical movement and flow of the scouring liquor are essen-
tial for cleaning and contaminants removal. Mechanical
agitation is the most effective way of dislodging contam-
inants from wool, but it promotes felting, leading to
excessive fibre breakage during the early stage of wool
fibre processing.
Most research in the area of wool scouring has
focused on optimising aqueous scouring methods to
improve the quality of the scoured wool (Bateup, 1986;
Christoe, 1988; Smith, 1989). Despite all of the devel-
opment in wool scouring, it still remains a process that
consumes moderate amounts of water and energy. Work
can still be undertaken to further reduce this energy and
water consumption, making wool processing more
economical and environmentally friendly.
The advantage of using ultrasonic irradiation for
supplying mechanical energy in wet textile processing
has been investigated as far back as the early 1950s
(Goodman & Hilton, 1963). Recent interests in ultra-
sonic cleaning of fabrics have shown that the technology
has the potential to reduce the cost and environmental
impact of textile wet processing (Canoglu, Gultekin, &
Yukseloglu, 2004; Hurren, Cookson, & Wang, 2008;
Vouters, Rumeau, Tierce, & Costes, 2004). The study of
ultrasonic irradiation on wool scouring has been limited
and only works at two frequencies and a fixed power
level have been reported (Cui, 1999; Hurren, Zhang,
Liu, & Wang, 2006).
Ultrasound assists cleaning in two ways: micro-
jetting caused by cavitation bubble implosion and micro-
streaming resulting from cavitation bubble oscillation
(Fuchs & Puskas, 2005; Suslick, 1989). Cavitation
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within an ultrasonically irradiated liquid occurs when
microscopic bubbles of about 10–100 
 
µ
 
m (Burdin,
Tsochatzidis, Guiraud, Wilhelm, & Delmas, 1999) form,
grow and implode to produce hydraulic pressure of over
hundreds of mega Pascal, fluid jets and shock waves
(Miller, 1963; Suslick, 1989). Oscillation of the bubble
size during growth produces micro-streaming in the
vicinity of the bubble. It is believed that the thickness of
the surface boundary layer, which blocks the cleaning
agents accessing the fibre surface, is reduced by ultra-
sonic irradiation and this also assists in contaminants
removal (McQueen, 1986; Morse & Ingard, 1960).
Excess dissolved gas in the treatment liquor can cushion
the cavitation effect, reducing the cleaning efficiency, so
treatment liquors are commonly degassed before use.
There are several ways to alter cavitation during the
cleaning process, among which ultrasonic frequency
and power are critical. Essentially, the frequency deter-
mines the size and intensity of the cavitation implosion,
while the power level determines the amount of cavita-
tion per unit of time and volume (Bulat, 1974).
Cui (1999) scoured wool with ultrasound at a
frequency of 25 kHz at different temperatures and deter-
gent levels using progressively reduced number of
scouring baths and observed that ultrasonic agitation
was able to achieve quality scoured wool with short
scouring time, low temperature, or reduced amount of
detergent in comparison with that required by the
conventional aqueous scouring. Using ultrasonic
frequencies of 35–45 kHz, Hurren et al. (2006) observed
a reduction in the residual grease content on the ultra-
sonically scoured wool in comparison with the conven-
tionally scoured wool, as well as fibre surface cracking
that resulted from ultrasonic agitation. So far, it is not
clear as to what extent the changes in ultrasonic
frequency, power density and other related variables
affect the wool scouring behaviour and fibre properties.
This study investigates the effects of cavitation
intensity on wool cleaning efficiency. Three ultrasonic
frequencies (28, 45 and 80 kHz) were used at a labora-
tory scale to determine the dependence of frequency
and power levels on wool scouring performance. The
results in this study are expected to have industrial
implications in a more effective and environmentally
friendly wool scouring system.
 
Experimental
 
Sample preparation
 
The wool used in this work was Australian merino wool
grown in the Western District of Victoria, Australia.
Bale specifications are as follows: 175 kg net, 20 
 
µ
 
m
mean diameter, 18% coefficient of variation (CV), 0.3%
vegetable matter and 64.5% scouring yield.
Fleece was opened before scouring by a single pass
of a Fearnaught drum opener (Houget Duesberg
Bosson, France). Wool fibre was then measured for
mean diameter and diameter variation (CV) with an
OFDA2000 (BSC Electronics, Australia), according to
AS/NZS 4492.5:2000.
 
Ultrasonic scouring
 
An ECOSCT 10 l, 28 kHz ultrasonic bath (Ultrasonics
Eco Cleaning Solutions, Australia) and a KQ-300VDE
10 l, 45/80 kHz frequency sweeping digital control
ultrasonic cleaner (Kunshan Ultrasonic Instrument Co.,
Ltd., China) were used for ultrasonic scouring. Both
cleaners have a maximum power of 300 W and can be
adjusted from 40% to 100% power. Both have adjust-
able temperature control between 20 and 80
 
°
 
C and are
capable of frequency sweeping around the working
frequency. Frequency sweeping was turned off for all
experiments.
 
Scouring bath and settings
 
A range of scouring bath liquor ratios (1:40, 1:80,
1:120, 1:200 and 1:400) were used for each of the
different irradiation methods. Wool samples were
conditioned and weighed before addition to the first
scouring bath. For comparison, scouring was under-
taken using a conventional five-bath method and an
improved four-bath process. Ultrasonic irradiation was
applied during each of the scouring baths. Hydropol
TN450 (nonyl phenol ethoxylate detergent, Huntsman
Chemical) was used as the washing detergent and
sodium carbonate (Na
 
2
 
CO
 
3
 
) as the builder (Cui, 1999;
Halliday, 2002). Details for each bath of the conven-
tional scouring method and improved scouring process
are given in Table 1 and Table 2, respectively.
 
Table 1. Five-bath aqueous wool scouring.
Bath no. Function Bath liquid Temperature (
 
°
 
C) Time (min.)
1 Desuinting Water 35 3
2 Scouring 0.5 g/l hydropol TN450 and 0.2 g/l sodium carbonate 55 3
3 Scouring 0.5 g/l hydropol TN450 and 0.2 g/l sodium carbonate 55 3
4 Rinsing Water 55 3
5 Rinsing Water 55 3
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The fibres taken out from each bath were squeezed
with a Rapid pad mangle to remove excess liquor. After
padding, the amount of water retained in the fibre was
approximately 43% w/w. Scoured samples were dried
in a fan-forced oven (Binder) at 105
 
°
 
C for 1 hour before
conditioning.
 
Bath degassing
 
Ultrasonic energy was applied for at least 1 hour in each
bath prior to use. Small bubbles were not observed
rising to the liquid surface during the ultrasonic opera-
tion (Blackstone - NEY, Ultrasonics, 2010).
 
Testing for grease content, ash content and fibre 
whiteness and yellowness
 
Each scoured fibre sample was prepared in a plastic
petri dish. Samples were measured in a near-infrared
spectroscopy (NIR) system by the Australian Wool
Testing Authority (Melbourne, Australia) for grease
content, ash content and fibre whiteness and yellow-
ness, according to AS/NZS 4492.2:2000. Three samples
were measured for each scouring method. The grease
content was also measured using Soxhlet extraction,
and the ash content using the thimble burn method, both
according to AS/NZS 4492.2:2000, to confirm calibra-
tion of the NIR.
 
Fibre surface analysis
 
Fibre surface morphology was examined using a Zeiss
Supra 55 VP field emission gun scanning electron
microscope (SEM). Measurements were conducted at an
extremely high tension (EHT) of 10 kV, a working
distance (WD) of 3.8 mm and an aperture size of 30 
 
µ
 
m.
 
Dyeing of fibre and measurement of dye bath 
exhaustion
 
Scoured wool samples (at a liquor ratio of 1:200) were
tested for dye exhaustion under isothermal dyeing
conditions in separate baths. Fibre samples (1 g each)
for each scouring frequency were weighed after being
conditioned in an environment at 20 
 
±
 
 2
 
°
 
C and 65 
 
±
 
 2%
relative humidity for 24 hours. Samples were dyed at
40
 
°
 
C in 50 ml of distilled water with 0.2% w/w Lanaset
Blue 2RA (Ciba Specialty Chemicals) and 0.1 g/l
Albegal FFA (Ciba Specialty Chemicals) in an Ahiba
Nuance Top Speed laboratory dyeing machine. The pH
of the dying liquor was 6.85 at the start of each dyeing
operation.
Before dyeing, the dye liquors were measured for
colour absorbance using a Varian Cary 3 UV/Vis spec-
trophotometer. After a predetermined dyeing time, the
wool fibre samples were removed from the pots imme-
diately, and after cooling, the dye liquors were
measured again using the spectrophotometer. Absor-
bance was recorded at 589 nm and the exhaustion was
calculated using the following equation: 
where 
 
A
 
b
 
 is absorbance of the dye bath before the
dyeing and 
 
A
 
a
 
 is absorbance of the dye bath after
dyeing.
 
Results and discussion
 
Effects of ultrasonic frequency on wool scouring 
effectiveness
 
A replacement of the conventional mechanical action
with ultrasonic irradiation (a fixed power of 300 W)
was made on the five-bath wool scouring method at
various liquor ratios. The residual ash content and
grease content of scoured wool are presented in Figure
1 and Figure 2, respectively.
 
Figure 1. Ash content of wool after scouring at different ultrasonic frequencies and liquor ratios.2 Grease co ent of wool after scouring at different ultrasonic frequencies and liquor ratios.For ease of processing on the worsted system
(particularly at carding), the residual grease content of
wool fibre needs to be below 2% (Bateup, 1986).
Almost all ultrasonic scouring systems adopted
produced wool with a residual grease content below this
level, except for the fibres that were scoured at the
liquor ratio of 1:40 and at the ultrasonic frequency of 45
kHz. This observation replicates those observed by Cui
(1999). The results in Figures 1 and 2 confirm that the
use of ultrasonic irradiation has the dirt and grease
removal ability to produce clean wool that meets indus-
trial requirements. The frequencies of 28 kHz and 80
kHz were more efficient in the removal of dirt (lower
residual ash content) and grease than the frequency of
45 kHz at all liquor ratios, within experiment error.
Dye bath exhaustion )b a b(%) ( ) / (= × −100 1A A A
 
Table 2. Four-bath aqueous wool scouring.
Bath no. Function Bath liquid Temperature (
 
°
 
C) Time (min.)
1 Scouring 0.5 g/l hydropol TN450 and 0.2 g/l sodium carbonate 55 2
2 Scouring 0.5 g/l hydropol TN450 55 2
3 Rinsing Water 55 2
4 Rinsing Water 55 2
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Dirt particle removal from wool in an aqueous
scouring liquid can occur by one of two mecha-
nisms: physical detachment by sudden shearing of
bonding forces and/or by dissolution of grease stick-
ing to the wool fibre surface. The implosion of a
cavitation bubble next to a dirt particle could provide
the force required to detach the particle if the implo-
sion is strong enough. The size of the cavitation
implosion is inversely proportional to the frequency
of the ultrasonic irradiation (Bulat, 1974). A greater
time interval between the compression and rarefac-
tion waves gives the bubble more time to grow before
becoming unstable and imploding. It is expected
that a low frequency of ultrasonic irradiation would
remove more dirt particles than a higher frequency
and this has been observed in the residual ash content
results.
Grease removal is improved by low-frequency
irradiation. Large implosions provide better fluid flow
around the surface being cleaned which improves the
dissolution rate at the surface (Fuchs & Puskas,
2005). Micro-streaming during bubble growth also
increases fluid flow in the cleaning bath (Fuchs &
Puskas, 2005). As the removal of grease is dissolution
based, an increased movement of cleaning liquor will
result in a higher removal of grease.
Figure 1. Ash content of wool after scouring at different ultrasonic frequencies and liquor ratios.
Figure 2. Grease content of wool after scouring at different ultrasonic frequencies and liquor ratios.
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The cleaning of intricate items with minute open-
ings or small-particle contaminants is best conducted
with high-frequency ultrasonic irradiation (
 
A review on
the ultrasonic cleaning
 
, 2010; Bulat 1974). The intri-
cate micro-structures of the wool scales on the fibre
surface could block the formation of large cavitation
bubbles close to the dirt particles; hence, a large bubble
would not reach the critical size it needs to undergo
implosion. However, small cavitation bubbles are able
to form close to the surface of the fibre. Although the
energy of the implosion is low, it is adequate enough to
still detach the dirt particle. The poor results at 45 kHz
could be because there is neither the power to detach
some dirt particles from afar nor enough implosions
near the particle to effectively detach it from the fibre
surface. A reduction of the boundary layer at 80 kHz
(McQueen, 1986) may also account for the increased
removal of dirt and grease as there is increased liquor
movement close to the surface, hence improving the
detergent cleaning action.
Low-frequency ultrasonic irradiation is closer to the
wavelength of audible sound and hence generates
greater noise than high-frequency ultrasonic irradiation.
The presence of loud noise can make the work environ-
ment less friendly for workers; hence, it is recom-
mended to use a higher frequency (such as 80 kHz) for
industrial trials.
The effects of frequency on the whiteness and
yellowness of five-bath scoured wool are presented in
Figure 3 and Figure 4, respectively. As expected, the
fibre whiteness increased and the yellowness decreased
with increased liquor ratio.
 
Figure 3. Whiteness of wool after ultrasonic scouring at different frequencies.4 Yellowne s of w ol after ultrasonic scouring at different frequencies.
 
Both whiteness and yellowness improved rapidly
between a liquor ratio of 1:40 and 1:80. There was little
further improvement beyond a liquor ratio of 1:80. Both
whiteness and yellowness index results are within the
commercial standard at and above the liquor ratio of
1:80 (Teasdale, 1995). Results of Tukey’s test for both
fibre whiteness and yellowness are presented in Table 3.
There was no statistically significant difference in
whiteness or yellowness with respect to ultrasonic irra-
diation frequency at the same liquor ratio.
 
Power variation and bath degassing
 
An improved four-bath scouring process was carried
out on wool fibre at the liquor ratio of 1:200 to exam-
ine the effects of ultrasonic power and water degassing
on the cleaning efficiency. Results are presented in
Figure 5.
 
Figure 5. Scouring efficiency evaluation of wool after four-bath ultrasonic scouring at different power levels.
 
The highest values for ash and grease content were
observed in wool scoured at 45 kHz, in all cases. For
each frequency, the ability of ash and grease removal
led to an improvement in fibre whiteness and a reduc-
tion in fibre yellowness. Neither changes in irradiation
power nor degassing of the cleaning liquor had a signif-
icant effect on fibre ash content, whiteness and yellow-
ness. Both liquor degassing and the reduction in
irradiation power resulted in a significant reduction in
the residual grease content of the wool after scouring.
Power is related to the amplitude of the sound wave,
which in turn determines the cavitation density. Gener-
alisations about the proper power selection are difficult
to make as the effective power levels differ with the
Figure 3. Whiteness of wool after ultrasonic scouring at different frequencies.
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acoustics of each unit design and with the type and
design of the transducer. However, in a tank which is
overpowered, heavy cavitation is produced on the face
of the transducer, and the cavitation voids and gas pock-
ets thus formed impede the ensuing sound waves (Bulat,
1974). Overpowering may cause uneven or lower trans-
mission of the ultrasonic irradiation within the cleaning
solution. The minimum power required to initiate cavi-
tation within a liquor is 1/3 W cm
 
−
 
2
 
 (Bulat, 1974).
When cleaning minute items with intricate surfaces, it is
important to minimise power, and hence cavitation
density, as excessive power can cause surface damage
(
 
A review
 
, 2010). The results of residual grease content
removal have shown that effective wool cleaning can be
achieved with a low ultrasonic power.
The efficiency of ultrasonic transmission can be
significantly affected by the amount of dissolved gas
within the liquid. Excessive levels of dissolved gas
cause a cushioning effect on the ultrasonic waves
generated. The gas migrates into the cavitation bubbles
during their formation and prevents them from under-
going unsustainable growth that would normally result
in implosion. The large number of bubbles present in
the liquor absorbs ultrasonic energy, reducing the
sound intensity in the tank (Berliner, 2010; Blackstone
- NEY, Ultrasonics, 2010). Wool is difficult to be wet
out due to its highly hydrophobic cuticle layer. The
presence of a detergent and high temperature will
increase the rate of wetting, but it will still take some
time to displace the air trapped within the fibre. Air
released during ultrasonic scouring contributes to the
level of gas dissolved in the cleaning liquor. The degas-
sing of ultrasonic liquors prior to conducting scouring
improves the ultrasonic irradiation transmission and
increases cavitation as it reduces the effect that air
coming out of the fibre has on the overall gas content of
the liquor. Effective liquor degassing is important in
the wool cleaning process, particularly in the removal
of wool grease.
 
Changes in fibre micro-structure
 
Images of a wool fibre after ultrasonic scouring are
presented in Figure 6. In addition to fibre surface cracks,
which were observed in a previous study (Hurren et al.,
2006), scale peeling and severe surface damage were
also observed. The peeling and damage to the scale struc-
tures occurred when the ultrasonic energy localised on
Figure 4. Yellowness of wool after ultrasonic scouring at different frequencies.
 
Table 3. Tukey’s post-hoc test for fibre whiteness and yellowness.
 
a
 
MS
 
within
 
M
 
1
 
 vs. M
 
2
 
M
 
1
 
 vs. M
 
3
 
M
 
2
 
 vs. M
 
3
 
F
 
-score Critical value for Tukey’s HSD (
 
α
 
 = 0.05)
Whiteness 10.24 0.08 0.10 0.18 0.01
3.70
Yellowness 0.75 0 0.31 0.31 0.04
 
a
 
M1, M2 and M3 refer to the results at frequency of 28 kHz, 45 kHz and 80 kHz, respectively.
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the fibre, in the form of violent cavitation bubble implo-
sions, was too strong for the cuticle to withstand. This
damage was observed for all of the irradiation frequen-
cies investigated; however; severe scale damage was
more evident in the fibres that had undergone the low-
frequency irradiation. Not all fibres within the bath
suffered fibre scale damage. Damaged fibres represented
only a portion of the total number of fibres observed;
however, the percentage of damaged fibres could not be
quantified using the detection method employed.
 
Figure 6. SEM images of wool scoured at different ultrasonic irradiation frequencies.A laboratory dyeing trial was used to verify whether
the intensified cavitation generated by the low-
frequency ultrasonic irradiation was distributed evenly
throughout the samples being scoured. The rate of dye
uptake of wool samples scoured with the five-bath
process at a 1:200 liquor ratio was examined. Figure 7
shows that the dyeing rate is inversely proportional to
the frequency of irradiation, with the 28 kHz irradiated
fibre absorbing the most dye. Dye uptake is increased
because damage to the hydrophobic fibre surface gener-
ates more migration paths for the dye to diffuse into the
fibre. The higher rate of dyeing observed in the 28 kHz
irradiated sample confirms that the level of scale struc-
ture damage is consistent throughout the sample.
 
Figure 7. Dye bath exhaustion of wool scoured with ultrasonic agitation at different frequencies.
 
Conclusions
 
This study examined the key factors that affect the
performance of ultrasonically scoured wool. It was
observed that wool scoured at frequencies of 28 kHz
and 80 kHz had greater grease and dirt removal than
that scoured at 45 kHz. Improved wool grease removal
was achieved at 40% ultrasonic power and at lower
gas content within the ultrasonic baths used in this
investigation. Low-frequency ultrasonic irradiation led
Figure 5. Scouring efficiency evaluation of wool after four-
bath ultrasonic scouring at different power levels.
Figure 6. SEM images of wool scoured at different ultrasonic
irradiation frequencies.
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to significant fibre surface damage, including cracking
and scale peeling. It was observed that the level of
damage observed on the fibre surface is inversely
proportional to the ultrasonic frequency used. High-
frequency ultrasonic irradiation can be adopted to limit
fibre damage while still achieving good fibre cleaning.
Implication of the study to the wool scouring indus-
try is that the adoption of a higher ultrasonic frequency
(such as 80 kHz) in conventional wool scouring equip-
ment could be an effective and practical way to produce
clean wool with greater scouring efficiency, lower fibre
damage and a more friendly working environment.
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